ABSTRACT Chemical communication mediated by pheromones is a crucial aspect in the life cycle of beetles in the genus Dendroctonus. This communication plays an important role in mate location and in the colonization of host conifers. The study of the alimentary canal of these species is of importance not only because this organ is involved in the processes of digestion, detoxiÞcation, nutrient absorption, and transport, but also in the production of semiochemical compounds, such as pheromones. To better understand these functions and where they occur, the ultrastructural differences between the anterior and posterior midgut and the hindgut and their different cellular types were characterized. Adult specimens of both sexes from eight species were dissected and the alimentary canal was removed. It was sectioned into three parts: anterior midgut, posterior midgut, and hindgut, and analyzed by transmission electron microscopy. Results show that the epithelial tissue of the midgut possesses ultrastructural characteristics that permit differentiation of the anterior and posterior midgut. There are no ultrastructural differences within sexes of the same species, but differences exist among species. The ultrastructural characteristics of the hindgut do not differ between sexes or among species, but they do differ from those of the midgut.
proposes that once the insects have inhaled monoterpenes from the host through the tracheal system, these compounds are oxidized in the hemolymph, and excreted to the hindgut through the Malpighian tubules (Pitman et al. 1965 , Zethner-Moller and Rudinsky 1967 , Renwick and Vité 1970 , Hughes 1973 , White et al. 1980 , Vanderwel 1994 . A third hypothesis is that pheromone production can occur by de novo biosynthesis from endogenous carbohydrate-or lipid-based energy stores (Seybold et al. 1995; Ivarsson et al. 1997 Ivarsson et al. , 1998 Tillman et al. 1998; Hall et al. 2002a, b; Tittiger et al. 2000 Tittiger et al. , 2003 Seybold and Tittiger 2003) .
Hence, structural characterization of the digestive system could provide insight into the detoxiÞcation of toxic monoterpenes present in the host and in pheromone production. Recently, optical microscopy was used to study the anatomy and histology of the alimentary canal in 13 of the 19 species of the genus Dendroctonus Dṍaz et al. 1998 Dṍaz et al. , 2000 Dṍaz et al. , 2003 . Results from these studies reveal that: 1) there are differences in the epithelial cells of the anterior and posterior parts of the midgut; 2) the digestive, absorptive, and secretory processes are different in the anterior and posterior midgut, as well as in the hindgut; and 3) the cellular structure of the two midgut regions varies among the species studied.
Other studies have shown that de novo biosynthesis of the aggregation pheromone components ipsenol and ipsdienol in Ips pini (Say) and Dendroctonus jeffreyi (Hopkins) occurs in the midgut region (Hall et al. 2002a, b; Nardi et al. 2002; Tillman 1998; Tittiger et al. 2000 . Additionally, Nardi et al. (2002) showed, by transmission electron microscopy, that anterior midgut cells of these species are competent to produce isoprenoid pheromone after insect feeding or stimulation by JH III.
In this study, we continue the morphological-functional characterization of the different cellular types found in the anterior and posterior midgut and hindgut of Dendroctonus species initiated by optical microscopy. We describe and compare the ultrastructure of these regions in Dendroctonus adjunctus Blandford Live adults of both sexes were taken directly from infested trees and kept in vials with small pieces of tree bark and/or phloem during transport to our laboratory. Once in the laboratory, they were placed in Petri dishes containing wet Þlter paper and maintained at 4ЊC to keep them alive until dissection. Taxonomic determinations were based on external morphology, chromosome number, and the seminal rod of males (Lanier 1981; D. L. Wood 1982; Salinas-Moreno et al. 1994; Zú ñ iga et al. 1998 Zú ñ iga et al. , 2002 . Sex of these species was ascertained by the shape of the seventh abdominal tergite (Lyon 1958 , Godbee and Franklin 1978 , Mendoza and Zú ñ iga 1991 .
Insects were dissected dorsally to extract the entire alimentary canal and to morphologically identify the anterior and posterior midgut and the hindgut. Once these regions had been identiÞed, they were sectioned with a razor blade. The anterior and posterior midgut were sectioned into three regions, and the hindgut into two regions. Three females and three males were analyzed separately for each species.
Each sectioned portion was placed in an Eppendorf tube containing 2.5% glutaraldehyde (pH 7.4) in 0.1 M sodium cacodylate buffer for 2 h for Þxation (Watson 1988 , Nardi et al. 1996 . Sections were washed in cacodylate buffer and postÞxed in 1% osmium tetraoxide (OsO 4 ) in 0.1 M sodium cacodylate for 3 h. Afterward, preparations were dehydrated in increasing ethanol and propylene concentrations, and embedded in epoxy resin (EPON 812) (Luft 1961 ) and polymerized at 60ЊC for 48 h.
Toluidine blue-stained semiÞne sections were cut to 50 Ð 80 nm thickness using an ultramicrotome MT-7000 (RMC, Tucson, AZ) and placed on 200-mesh copper grids. Sections were contrasted with uranyl acetate, followed by lead citrate, and analyzed using a Zeiss EM-10 (Oberkohen, Germany) electron microscope.
Results
The following descriptions pertain to both sexes and all species, unless otherwise speciÞed.
Epithelial Cells of the Anterior Midgut
Junctional Complexes. Three different junctional structures were observed in the anterior midgut epithelium located on the lateral surfaces of adjacent cells. At the apical region, between two neighboring epithelial cells, is a smooth septal type junction or zonulae occludens. Immediately beneath it is the zonulae adherens, and the third type of junction corresponds to desmosomes located at various sites of the lateral membranes of neighboring cells ( Figs. 1 and 2) .
Microvilli. Microvilli cover the apical surfaces of anterior midgut cells and line the lumen of the gut. Vesicles and constrictions were observed at the apical region of these microvilli (Figs. 3 and 4) , and abundant electron-dense glycogen deposits with irregular contours form a brushlike border in the basal portion of the microvilli (Figs. 1 and 4) .
Nucleus. At the center of the columnar cells of the midgut is a large nucleus that is frequently ovoid and contains disperse euchromatin and one or various amorphous electron-dense nuclear elements (nucleoli) (Figs. 3, 12, and 13) .
Lysosomes. Lysosomes of the epithelial cells of the anterior midgut are limited by a simple membrane; some are smooth and round and present a dense and homogeneous image; others are irregular and their electron density is variable (Figs. 5, 6, 7, and 9) .
Ribosomes and Rough Endoplasmic Reticulum. Ribosomes are distributed widely in the cell cytoplasm of the anterior midgut; they can be either free or as constituents of the rough endoplasmic reticulum (Figs. 1, 2, 5, and 8). The distribution and amount of 
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rough endoplasmic reticulum, (LS) lysosomes. ribosomes did not differ between sexes or among the species studied. The rough endoplasmic reticulum is not restricted to a deÞned part of the cell. However, a larger amount of membranous cisterns was usually arranged in parallel in all species studied (Figs. 5 and 8), except for D. terebrans in which this organelle is arranged in spirals or vesicles that are abundant throughout the cell cytoplasm (Figs. 10 and 11) .
Basal Labyrinth and Lamina. Only the basal portion of the midgut epithelial cells from D. micans, D. pseudotsugae, D. terebrans, and D. valens exhibits invaginations of the basal membrane projecting into the cytoplasm, forming numerous folds of variable length and thickness (Fig. 12 ). This set of folds constitutes the basal labyrinth (Figs. 13 and 15) .
The basal lamina of both regions of the midgut is composed of three to Þve layers of variable thickness that exhibit electron-dense striations perpendicular to the cell membrane (Figs. 14 and 15).
Only the columnar cells of the anterior midgut epithelium contain small vesicles with electron-dense material. These vesicles are located in the space between the basal region of the cylindrical cells and the cell membrane (Fig. 16) .
Cellular Nidi. The regenerative cells forming the cellular nidi exhibit an irregular contour, a round or ovoid nucleus characterized by disperse euchromatin, and one or various electron-dense nucleoli. Their cytoplasm contains scarce rough endoplasmic reticula (data not shown), a large quantity of free ribosomes, and abundant dispersed mitochondria, which are smaller than those contained in the columnar cells. Regenerative cells lack junctional structures, glycogen granules, lysosomes, secretory vesicles, and the basal labyrinth. In contrast to columnar cells, they are not in direct contact with the lumen of the midgut (Figs. 17, 18, and 19) .
Epithelial Cells of the Posterior Midgut
With respect to junctional structures, glycogen granules, nuclei, lysosomes, secretory vesicles, ribosomes, and basal labyrinth, the epithelial cells of the posterior midgut are similar to those of the anterior midgut. However, the microvilli of the columnar cells are longer than those of the anterior midgut; the rough endoplasmic reticulum and the folds of the basal labyrinth are more abundant in this region for both sexes, and the folds form an extracellular space between the basal cell membrane and the basal lamina (Fig. 13) .
Epithelial Cells of the Hindgut
The exocuticle of the hindgut is a thin, electrondense layer, whereas the endocuticle is usually less electron dense and thicker (Figs. 20, 21, and 22) . At the apical region of the cubic epithelial cells, numerous folds of the cytoplasmic membrane were observed forming structures resembling microvilli (Figs. 20 Ð 22) . Throughout the cytoplasm of the epithelial cells, mitochondria and rough endoplasmic reticulum were observed (data not shown), but none of these organelles exhibits a particular distribution. There were fewer of these organelles than in the cytoplasm of the epithelial cells of the midgut. The nucleus is ovoid, basally positioned, with disperse euchromatin, as well as one or more electron-dense nucleoli (Figs. 20 Ð22) . These cells contain few lysosomes, which are irregularly shaped and of variable electron density.
The ultrastructural study of the muscle layer around the hindgut conÞrms the optical microscopic analysis Dṍaz et al. 1998 Dṍaz et al. , 2000 Dṍaz et al. , 2003 . The muscle layer is variable in thickness and is comprised of various rows of myocytes circularly arranged or in a single thick row with the same arrangement (Figs.  20 Ð22) . Two muscle layers were found in the hindgut in which the cryptonephridial system is located: an internal layer composed of a thin row of circularly arranged Þbers and an external layer composed of a thick row of longitudinal Þbers. The latter is intercalated with the Malpighian tubules at various points. A thin layer of connective tissue surrounds the external muscle layer.
Thus, the results of this study show that: 1) there are two types of epithelial cells in the midgut: one regenerative and the other specialized; 2) there are no differences in the ultrastructural characteristics of the midgut epithelium between sexes, but there are differences among species; and 3) the ultrastructure of the hindgut did not show differences between the sexes or among species, but exhibited differences when compared with the midgut.
Discussion
The three different junctional structures observed in the columnar epithelial cells of both regions of the midgut of Dendroctonus participate in diverse functions: the zonulae occludens form a continuous impermeable barrier that eases selection of transported substances to the interior of the cytoplasm; the zonulae adherens and desmosomes facilitate Þrm adherence between adjacent cells. As a whole, these junctions compartmentalize the epithelium and provide a speciÞc architecture (Odland 1958 , Anderson and Harvey 1966 , Marilyn 1963 , Geneser 2000 .
The presence of microvilli in the midgut epithelium of Dendroctonus, similarly to other insects, such as Aedes gambiae L., A. sollicitans Walker, A. aegypti L., Culex pipiens fatigans L., Hyalophora cecropia L., and Triatoma infestans LeConte, indicates that the cells of this region possess a larger absorption surface than other cells (Anderson and Harvey 1966 , Burgos and Gutierrez 1976 , Hecker 1977 , Lane et al. 1996 , and the differences observed in their length suggest that the absorption process is greater in the posterior than in the anterior midgut.
The constriction at the apex of the microvilli, as well as the presence of vesicles in the cells of the epithelium of both midgut regions probably represent secretory vesicles with digestive enzymes or residual bodies (secondary lysosomes containing undigested residues), as suggested by Baccetti (1962) , Berridge (1970) ), Karp (1996) , and Lane et al. (1996) . The observed glycogen granules in the midgut epithelium indicate that these are one of the main storage sites for sugars at the intracellular level. From these granules, the epithelial cells obtain the energy required to perform the different metabolic activities, which are known to occur in the epithelial cells of the intestine in mammals (Novikoff 1983 , Karp 1996 . Glycogen deposits have frequently been associated with cells with an intense absorptive role (Billingsley 1990) .
The type of chromatin found in the epithelial cells of the midgut indicates that these cells are in interphase. Euchromatin shows maximal dispersion with metabolically active DNA. These cells are probably in Go phase, during which they use practically all of their energy for the synthesis of diverse macromolecules, such as proteins, polysaccharides, and lipids (Hecker and Bron 1974 , Andries 1977 , Billingsley 1990 ).
The lysosomes found in the epithelial cells of both regions of the midgut are digestive organelles. They constitute in insects, just as in mammals, the essential part of the intracellular digestive system related to cellular endocytosis (Terzakis 1967 , Weiss-Fogh 1970 , Priester 1971 ). It has not yet been possible to determine from the electron micrographs the types of lysosomes present in both regions of the midgut solely by their morphology. However, histochemical studies performed in the alimentary canal of some species of Dendroctonus (unpublished data) have revealed the presence of acid hydrolases, particularly acid phosphatases, which have been associated with granular forms that are usually larger and more abundant in the posterior midgut than in the anterior part. This suggests that they might be secondary lysosomes containing material being subjected to digestion (AguilarMartṍnez 2002) . These histochemical results agree with the observations made, because large numbers of lysosomes limited by a simple irregularly shaped mem- brane and of variable electron density are observed in the posterior midgut. The presence of secondary lysosomes in the posterior region of the midgut indicates that digestive and absorptive processes occur there that require intracellular penetration of the material to be digested through the long microvilli of the apex of this region (Terzakis 1967 , Priester 1971 , Karp 1996 . The presence of rough endoplasmic reticulum in the cells of both regions of the midgut indicates that a large amount of proteins is synthesized in their interior. These could be destined for the membrane, for secretion, or as constituents of certain organelles, including the Golgi complex, lysosomes, and other cytoplasmic vesicles (Balogun 1969 , NishiitsutsujiUwo and Yasuhisa 1981 , Geneser 2000 . The proteins synthesized in the free ribosomes are later released to the cytoplasm and destined to become part of the cytoskeleton or integrated into the internal surface of the plasmatic membrane and into structures of microscopic corpuscles and mitochondria (NishiitsutsujiUwo and Yasuhisa 1981).
We did not Þnd smooth endoplasmic reticulum, contrary to Nardi et al. (2002) , who found both rough and smooth endoplasmic reticulum in the midgut cells from D. jeffreyi topically treated with JH III. In particular, they observed that smooth endoplasmic reticulum was evident, highly organized, and voluminous in midgut cells associated to isoprenoid pheromone production. Thus, Nardi et al. (2002) also indicated that midgut cells are specialized for digestive and secretive process, as we described in this work.
The larger size of the microvilli, as well as the larger amount of secondary lysosomes and rough endoplasmic reticulum, in the posterior midgut indicate that digestion, absorption, and enzymatic synthesis processes are more intensive in the posterior than in the anterior midgut.
Just as in other insects, the numerous mitochondria observed in the apical and basal parts of the epithelial cells of the posterior midgut of D. micans, D. pseudotsugae, D. terebrans, and D. valens indicate that these regions have greater energetic requirements (Priester 1971 , Hecker and Bron 1974 , Hecker 1977 . Likewise, mitochondria in the basal labyrinth are most likely part of the energy supply process for the active transport of diverse substances originating from the hemolymph. This transport serves to release diverse molecules to the extracellular space.
Invaginations of the basal cell membrane found in the posterior midgut suggest that it is mainly in this region where the processes of diffusion and absorption of various molecules, ions, and water from the hemolymph to the interior of the cytoplasm and vice versa are accomplished. The same has been observed in the midgut of other insects, such as Hyalophora cecropia L., Calliphora erythrocephala Robineau-Desvoidy, and Rhodnius prolixus Stal, as well as in intestinal cells in mammals (Hecker 1977) . The thickness and length of the folds of the basal labyrinth and of the intercellular spaces have been correlated with the nutritional status of the organisms, because a large separation among these folds indicates that digestion is being accomplished (Schneider and Rudinsky 1969, Billingsley and Downe 1989) . Hence, we assume that the function of the basal labyrinth in the posterior midgut of the Dendroctonus species is the same as that described for both mammals and other insects (Priester 1971 , Hecker and Bron 1974 , Hecker 1977 , Billingsley and Downe 1989 , Lane et al. 1996 . Additionally, the presence of mitochondria near these invaginations conÞrms that the posterior midgut is a site in which the absorptive process is intense (Karrer 1956 , Lane et al. 1996 .
Regarding the basal membrane of the midgut, some authors have shown that the main structural compo- nent corresponds to type IV collagen molecules and reticular Þbers (Ashhurst and Bailey 1980, Lane et al. 1996) , which as a whole provides strong support for epithelial cells (Terzakis 1967 , Welling et al. 1995 . This lamina is associated with tracheae and the muscular layer, and could be a biological Þlter or a continuous diffusion barrier between the hemolymph and the intestinal lumen, because it tends to regulate the passage of charged molecules that have been transported directly from the hemolymph to the cytoplasm of the cylindrical epithelial cells through the extracellular space generated by the invaginations of the plasmatic membrane (Anderson and Harvey 1966, Lane et al. 1996) .
The granular content of the small vesicles located between the basal region of the cylindrical cells and the cell membrane suggests that these vesicles contain fatty acids, which pass to the hemolymph by diffusion through the epithelial membrane to be used as an energy source in other sites of the alimentary canal or to be stored in fat body (Anderson and Harvey 1966, Hecker and Bron 1974) .
The presence of free ribosomes in the cellular nidi could indicate that they are involved in the synthesis of proteins that make up the cytoskeleton of the columnar cells. These proteins are usually found in corpuscles and mitochondria, and are part of the peripheral proteins of the internal surface of the plasmatic membrane (Schneider and Rudinsky 1969 , Billingsley and Downe 1986 , Geneser 2000 . The presence of small mitochondria in the cellular nidi indicates that these cells have not fully differentiated yet and, hence, are regenerative cells of the midgut epithelium. This coincides with observations made in epithelial cells of the intestine in mammals (Hecker and Bron 1974, Karp 1996) . The cells from the nidi can be activated during mitosis or by speciÞc physiological mechanisms (Reinhard et al. 1972, Nishiitsutsuji-Uwo and Yasuhisa 1981) .
The presence of folds in each cell of the hindgut epithelium suggests that diverse macromolecules (proteins, polysaccharides, and lipids) are synthesized in this region by the rough endoplasmic reticulum (data not shown), and diffuse from the cytoplasm to the apical region of the cell. Some of the synthesized polysaccharides could participate in the formation of the epicuticle, which is composed of chitin (polymer of N-acetylglucosamine) (Berridge 1970) . Some of the synthesized polysaccharides could participate in the formation of the epicuticle, which is composed of chitin (polymer of N-acetylglucosamine) (Berridge 1970) , however, the fact of epicuticle is a semipermeable barrier (Locke 1967 , Neville 1970 , Weiss-Fogh 1970 , Sheechan 1980 , Gupta and Berridge 1982 , show that hindgut epithelium in Dendroctonus might be a duct through which waste products from the digestive process are eliminated rather than a region for synthesis. The hindgut epithelium in Dendroctonus might be a duct through which waste products from the digestive process are eliminated rather than a region for synthesis. The weak reaction to acid phosphatases in this region (Aguilar-Martṍnez 2002) coincides with the scarce amount of irregularly shaped and variably electron-dense lysosomes observed in the electron micrographs. The absence of microvilli and the small number of organelles indicate that the metabolic activity responsible for absorption and enzymatic synthesis is low in this region.
Thus, the ultrastructural characteristics of the epithelial tissue of the midgut conÞrm that its anterior and posterior parts are different from the morphological-functional point of view. Particularly, the presence of longer microvilli in the posterior region, the rough endoplasmic reticulum being more abundant, and the folds of the basal labyrinth strongly suggest that digestion and absorption functions are more intensely performed here than in the anterior region. The hindgutЈs structural characteristics, such as the absence of microvilli, the scarce amount of organelles, and the epicuticle composed of chitin, suggest that absorption and synthesis processes are lower in this region than in the midgut. These structural patterns of the midgut and hindgut were similar among specimens of the same species, and between the sexes, although few differences were observed among species. Finally, these results can be a reference framework to test whether midgut cells of the species studied are involved in de novo pheromone biosynthesis, as was reported for D. jeffreyi by Nardi et al. (2002) . This could indicate whether or not there is a general strategy of pheromone production in the genus Dendroctonus.
